Plastids (chloroplasts) are maternally inherited in most crops. Maternal inheritance excludes plastid genes and transgenes from pollen transmission. Therefore, plastid transformation is considered a superb tool for ensuring transgene containment and improving the biosafety of transgenic plants. Here, we have assessed the strictness of maternal inheritance and the extent to which plastid transformation technology confers an increase in transgene confinement. We describe an experimental system facilitating stringent selection for occasional paternal plastid transmission. In a large screen, we detected low-level paternal inheritance of transgenic plastids in tobacco. Whereas the frequency of transmission into the cotyledons of F1 seedlings was Ϸ1.58 ؋ 10 ؊5 (on 100% cross-fertilization), transmission into the shoot apical meristem was significantly lower (2.86 ؋ 10 ؊6 ). Our data demonstrate that plastid transformation provides an effective tool to increase the biosafety of transgenic plants. However, in cases where pollen transmission must be prevented altogether, stacking with other containment methods will be necessary to eliminate the residual outcrossing risk.
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biosafety ͉ Nicotiana tabacum ͉ plastid transformation ͉ pollen transmission ͉ paternal leakage P lants with transgenic plastid genomes (''transplastomic'' plants) offer an attractive alternative to conventional transgenic plants. Besides several technological attractions, such as high-level transgene expression, convenient transgene pyramiding in operons, and absence of epigenetic transgene instability (1, 2) , the increased biosafety provided by transplastomic plants is of particular relevance to future applications of genetic engineering in agriculture and biotechnology. In most crops, plastids are maternally inherited (3) (4) (5) , largely excluding plastidlocalized transgenes from pollen transmission and thus greatly reducing the risk of unwanted transgene transfer from fields with genetically modified (GM) plants to neighboring fields with non-GM plants. How strict maternal inheritance can be has been a highly controversial issue. Whereas cytological studies indicate that paternal chloroplast DNA may be completely absent from male gametes and pollen tubes of many angiosperm species (6, 7) , genetic data have suggested that low-level paternal chloroplast leakage can occur even in species believed to inherit their plastids maternally. Unfortunately, published values for occasional paternal chloroplast transmission differ widely even for one and the same species (8) (9) (10) , with tobacco providing a particularly striking example of this confusion: Whereas cytological and early genetic analyses had suggested a strictly maternal mode of plastid inheritance (reviewed, e.g., in ref. 11), two other genetic studies suggested low-level paternal plastid transmission (8, 9) and one even reported very high values of up to 2% biparental plastid inheritance (10) . One of the underlying problems may be that all previous studies were restricted to the analysis of spontaneous point mutations in the chloroplast genome that confer herbicide tolerance, antibiotic resistance, or chlorophyll deficiency, traits that could be used to visualize paternal chloroplast transmission in crosses. Also, most of these studies analyzed plastid inheritance in interspecific hybrids or cybrids (8, 9) , which has been suggested to contribute substantially to the observed paternal leakage (2) . However, to what extent hybrid effects and/or differences in the plastid mutations and markers used in the different studies account for the different findings is unknown, and thus, reliable quantitative data on occasional paternal plastid transmission are largely lacking. Because such data are of outstanding importance to the critical evaluation of the biosafety of the transplastomic technology as well as to the mathematical modeling of outcrossing scenarios, we set out to develop an experimental system suitable for determining the frequency of occasional paternal transmission of plastid transgenes.
We have set up the system for tobacco (Nicotiana tabacum) for several reasons: (i) tobacco is currently the only species in which plastid transformation is a routine technique; (ii) tobacco plants produce huge numbers of seeds per plant, as is required for detection of even very low frequencies of paternal transmission; (iii) existing data (from studies in which spontaneous mutants were used) on chloroplast inheritance in tobacco are largely contradictory; and (iv) tobacco is one of the prime candidate species in agricultural biotechnology with numerous pharmaceutical-producing transgenic lines being already grown in largescale field trials.
Results

A Genetic Screen for Paternal Leakage.
To facilitate large-scale selection for occasional paternal transmission of transgenic chloroplasts, we devised an experimental system consisting of (i) male sterile plants as maternal parents and (ii) plastidtransformed (transplastomic) lines as pollen donors that carry a plastid-localized antibiotic resistance gene and a reporter gene for visualization of paternally transmitted plastids (Fig. 1) . Male sterile tobacco plants were selected by tissue culture procedures employing somaclonal variation (see Materials and Methods). Male sterility was evidenced by the lack of fertile pollen from greenhouse-grown plants. Four independently generated male sterile lines were selected as maternal parents for our genetic screen for paternal transmission of transgenic plastids (Table 1) . To generate the paternal parent, we transformed tobacco chloroplasts with a vector containing (i) a chimeric aadA gene (12) serving as a plastid-specific selectable marker gene and conferring resistance to the aminoglycoside antibiotics spectinomycin and streptomycin and (ii) a chimeric gfp gene providing a fluorescence marker for the paternal plastids ( Fig. 1 A) . The transgenic construct was introduced into the plastid genome by biolistic transformation followed by selection for spectinomycin resistance and isolation of homoplasmic transplastomic lines. Homoplasmy was verified by DNA gel blot analysis and seed assays (data not shown). Strong GFP fluorescence localized to plastids confirmed high expression of the plastid gfp gene construct (Fig. 1B) .
Having generated the two parental lines, we performed large-scale genetic crosses by pollinating male sterile lines with pollen obtained from the transplastomic lines. In this way, Ͼ2.5 million seeds were generated. To screen for occasional transmission of paternal plastids, seeds were surface-sterilized and sown on synthetic medium containing spectinomycin.
Identification of F1 Progeny with Paternal Chloroplasts. More than two million germinating seedlings were screened for paternally inherited chloroplasts by searching for green tissue sectors in otherwise bleached-out white seedlings ( Fig. 2 A and B) . To be able to also detect small groups of green cells, visual inspection of all seedlings was followed by close inspection under a stereomicroscope. The presence of green sectors indicates resistance to spectinomycin and thus could be due to paternal inheritance of aadA-containing transgenic plastids. However, the appearance of spectinomycin-resistant green sectors is not necessarily indicative of paternal plastid inheritance because resistance can also be acquired through specific point mutations in the target molecule of the antibiotic, the 16S ribosomal RNA (13). To preliminarily distinguish between pollen transfer of transgenic plastids and spontaneous antibiotic resistance, green sectors were analyzed under a fluorescence stereomicroscope and assayed for GFP fluorescence (Fig. 2 C and D) . Alternatively, cross-sections were inspected under a fluorescence microscope. These analyses identified several candidate lines (designated F1-spec lines) and proved to be a reliable indicator of paternal plastid transmission versus spontaneous resistance mutations (Table 1) .
We found two types of partially spectinomycin-resistant seedlings, seedlings with green sectors in the cotyledons only (Figs.  2 A and B and 3A) and, less frequently, seedlings that also had green cells in their apical meristem (Fig. 3B) . Whereas the former did not pass the spectinomycin-resistant chloroplasts into the growing shoot (and eventually died on spectinomycincontaining medium), the latter survived and continued to grow in the presence of the antibiotic (Fig. 3 C and D) .
From all identified candidate seedlings (Table 1 ), tissue samples were taken and exposed to spectinomycin-containing regeneration medium to select for homoplasmic spectinomycinresistant cell lines. After two to three additional rounds of regeneration in the presence of the antibiotic, tissue samples were reanalyzed for GFP fluorescence by using UV and confocal laser scanning microscopy. These tests confirmed the results from the initial fluorescence stereomicroscopy in all cases and also demonstrated that GFP fluorescence localizes to plastids (data not shown).
We next wanted to confirm the presence of transgenic chloroplast genomes in the lines displaying GFP fluorescence. We therefore performed DNA gel blot analyses suitable to visualize wild-type and transgenic plastid genomes as restriction fragment length polymorphism (RFLP). Whereas all GFP-positive lines showed the restriction pattern of the paternal transgenic chloroplasts, all GFP-negative spectinomycin-resistant lines displayed the wild-type restriction pattern ( Fig. 4A and Table 1) . Interestingly, when different regeneration rounds were assayed, homoplasmy appeared to already be present in the first round of regeneration (Fig. 4A) , suggesting that wild-type chloroplasts are effectively eliminated from the initially chimeric tissue by spectinomycin selection. To confirm homoplasmy of the paternally inherited transgenic plastids, crosses of F 1 -spec lines with wild-type plants were performed. Seed assays revealed a homogeneous population of antibiotic-resistant F 1 seedlings, demonstrating that the resistance trait is maternally inherited, as expected (Fig. 4B) .
Frequency of Paternal Plastid Transmission.
Having demonstrated the occurrence of occasional paternal transmission of transgenic plastids, we were interested in quantitatively assessing the implications of our findings for plastid inheritance and transgene containment. Among 2.1 million seedlings, 118 seedlings with green tissue sectors on spectinomycin-containing medium were identified. Of those, 79 seedlings proved to represent spontaneous-resistance mutants (Table 1) , as demonstrated by three lines of evidence. First, when tissue samples were exposed to plant regeneration medium containing streptomycin, they lacked resistance to streptomycin (data not shown). Though the aadA gene present in the transgenic chloroplasts confers resistance to both spectinomycin and streptomycin, all resistance-conferring point mutations are strictly antibiotic-specific and thus do not confer cross-resistance (1, 13). Second, lack of green GFP fluorescence also indicated absence of the second transgene, gfp. Third, the lines showed a wild-type-like restriction pattern in our RFLP analyses (Fig. 4) . The remaining 39 lines with spectinomycin-resistant sectors clearly originated from paternal plastid transmission. This number is equivalent to a frequency of occasional paternal plastid transmission of Ϸ1.58 ϫ 10 Ϫ5 . It should be noted that, in all of these cases, the mode of plastid inheritance was biparental and not purely paternal, as evidenced by the presence of green sectors in otherwise white seedlings (Figs. 2 and 3 A and B) . Interestingly, a significant number of lines contained the paternal transgenic chloroplasts only in their cotyledons. In these cases, the transgenic plastids are no longer present in the mature plants (because the cotyledons are subject to early senescence). Thus, the frequency of potentially stable paternal transmission of transgenic plastids is equivalent to the number of seedlings that contain paternal chloroplasts in their apical meristem. In our screen, we identified six such seedlings, amounting to a frequency of Ϸ2.86 ϫ 10 Ϫ6 .
Discussion
In this work, we have shown that plastid genome-encoded transgenes can be transmitted by pollen at low frequencies in the N. tabacum cultivar Petit Havana. Transmission into the shoot apical meristem was Ϸ2.86 ϫ 10 Ϫ6 (on 100% cross-fertilization) and thus significantly lower than the overall frequency of transmission into the F 1 seedlings (1.58 ϫ 10 Ϫ5 ). For transgene containment, only transmission into the meristem of the seedling is relevant, because the cotyledons senesce early and thus are not part of the harvest and do not contribute to the ''germline. '' What are the implications of these frequencies at the field level? Clearly, containment levels in the field would be significantly higher than the frequencies of occasional paternal transgene transmission measured in our experiments. This is because, like many crop species, tobacco has a strong tendency toward self-fertilization. Even if transgenic and wild-type tobacco plants are grown together in one plot, the rate of cross-fertilization is relatively low, usually Ͻ10% (14) . If genetically modified and unmodified plants are separated by a corridor of 10 m, the outcrossing rate decreases by another order of magnitude and is well below 1% (14) . Thus, it is reasonable to assume that, under field conditions, where transgenic and nontransgenic plants are grown separately, the frequency of occasional paternal transmission of transgenic plastids is, at most, in the range of 10 Ϫ8 . This frequency makes plastid transformation an excellent tool for the prevention of unwanted transgene dispersal via pollen. Another factor that may additionally decrease the rate at which paternal plastids are present in the next generation is the absence of selection for paternal plastid transmission under field conditions. Although paternal plastids can be present in the meristem of F 1 seedlings (as shown in our study), these seedlings contain a mixed population of maternal and paternal plastids and thus are heteroplasmic. Heteroplasmy is unstable and, in the absence of selective pressure, one of the two plastid types is usually rapidly lost due to random somatic segregation of maternal and paternal plastids. It is therefore reasonable to assume that not all F 1 seedlings that initially contain paternal chloroplasts in their shoot apical meristem would transmit the paternal plastids into their floral meristem and thus into their germline.
These considerations and the very low frequency of paternal leakage notwithstanding, it has become clear from our study that plastid transformation does not ensure absolute transgene confinement. Although the level of containment conferred by the transplastomic technology is by far sufficient to facilitate coexistence of GM and non-GM crops in agriculture, it is conceivable that, for a subset of applications, it may be desirable to reduce the outcrossing risk to zero (e.g., for the production of certain pharmaceuticals or chemicals in plants). To achieve this, stacking of plastid transformation with other containment measures could provide a viable strategy. Containment methods that plastid transformation could be combined with include, for example, cytoplasmic male sterility, genetic use restriction technology, and transgene mitigation strategies (15, 16) .
It also should be noted that the data obtained in this study determined the containment level of plastid transformation for tobacco, one of the most preferred species in molecular farming and the only species in which plastid transformation is currently routine. It remains to be investigated whether the frequencies measured here are directly transferable to other crop species that transmit their plastids (predominantly) maternally. Based on cytological investigations, three types of maternal inheritance have been defined (referred to as Lycopersicon type, Solanum type, and Triticum type) which differ in the mechanisms of plastid elimination during microsporogenesis, pollen development, and fertilization (5) . Like most angiosperms investigated to date, tobacco belongs to the Lycopersicon type, in which unequal plastid distribution during the first pollen mitosis places all plastids in the vegetative cell and thus excludes them from the generative cell (17) . Though it may be reasonable to assume that other species of the Lycopersicon type will show a similar frequency of paternal leakage as tobacco, this cannot necessarily be assumed for species belonging to the Solanum or Triticum types, in which plastids are regularly transmitted into the generative cell but eliminated before or during fertilization (17) .
It is also important to realize that the frequency of crossfertilization under field conditions varies greatly among species and is another factor that must be taken into account when assessing transgene containment levels in crops. Finally, it seems possible that environmental factors influence the rate of occasional paternal plastid transmission. The experimental system described here will also be suitable to quantitatively determine the influence of environmental factors (e.g., abiotic and biotic stresses) on plastid transgene inheritance.
Materials and Methods
Plant Material, Growth Conditions, and Isolation of Male Sterile Lines.
Sterile tobacco plants (N. tabacum cultivar Petit Havana) were grown on agar-solidified Murashige and Skoog's medium containing 30 g/liter sucrose (18) . Transplastomic lines were rooted and propagated on the same medium. Male sterile tobacco lines The presence of transgenic (paternal) plastids in the shoot apical meristem was evidenced by continuing growth of the seedlings in the presence of spectinomycin.
